Designing a permanent magnet with reduced critical rare earth content is of paramount importance in the development of cost effective modern technologies. Here, by performing comprehensive first-principles calculations we investigate the potential avenues for reducing the critical rare earth content in Sm2Fe17N3 and Sm2Fe17C3 by La/Ce substitution at Sm site. The calculated magnetic properties of base compounds are in good agreement with the previous low temperature (4.2 K) experimental measurements, and show a large axial anisotropy. Although La/Ce substitution results in slight reduction of magnetic anisotropy, the magnetic moments of Fe atoms mostly remain unchanged. In particular large axial anisotropies of 7.2, and 4.1 MJ/m 3 are obtained for SmCeFe17N3, and SmLaFe17N3, respectively. These values of anisotropies are comparable to the state of the art permanent magnet Nd2Fe14B. The foremost limitation of Sm2Fe17X3 magnets for practical application is the formation nitrogen/carbon vacancies at high temperatures. By calculating the N(C) vacancy formation energy we show that La/Ce substitution enhances the vacancy formation energy. This will likely improve the thermodynamic stability of these alloys at high temperatures. Therefore, La/Ce-substituted Sm2Fe17C3, and Sm2Fe17N3 compounds are promising candidates for high-performance permanent magnets with substantially reduced rare earth content.
I. INTRODUCTION
Permanent magnets are essential for the development of the state of the art technologies such as super computers, electric cars, wind turbines as well as for energy conservation [1] [2] [3] [4] [5] [6] . A good permanent magnet requires large value of magnetization, uniaxial anisotropy, large coercivity, high temperature stability, and high Curie temperature [5, 6] . In a permanent magnet, the local atomic moments are favorably aligned along a certain crystallographic direction, which can be characterized by the energy difference with the other spatial directions. This energy difference is often quantified as the magnetocrystalline anisotropy energy (MAE). The higher MAE usually results in high coercivity; making the demagnetization difficult. The anisotropy mainly arises from the coupling between spin and lattice also known as the spin orbit (L·S) coupling [7, 8] . Due to the localized nature of rare earth (RE) f -electrons, RE based alloys exhibits a large spin orbit coupling and as a consequence high values of MAE.
Materials based on RE and 3d-transition metals (TM) form a large family of permanent magnets with excellent properties, such as RE 2 Fe 14 B, RECo 5 , RE 2 Co 17 , and RE 2 Fe 17 C y compounds [9] [10] [11] [12] [13] [14] [15] . The notable example among these classes of RE compounds is Nd 2 Fe 14 B [16] [17] [18] [19] [20] [21] [22] . The discovery of Nd 2 Fe 14 B has also generated a lot of interest * This manuscript has been authored by UT-Battelle, LLC under Contract No. DE-AC05-00OR22725 with the U.S. Department of Energy. The United States Government retains and the publisher, by accepting the article for publication, acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable, world wide license to publish or reproduce the published form of this manuscript, or allow others to do so, for United States Government purposes. The Department of Energy will provide public access to these results of federally sponsored research in accordance with the DOE Public Access Plan (http://energy.gov/downloads/doe-public-access-plan. † pandeyt@ornl.gov ‡ parkerds@ornl.gov in RE 2 Fe 17 compounds. Although RE 2 Fe 17 class of compounds have large magnetization values, they suffer from low Curie temperatures and planar anisotropy constants. Over two decades ago Coey et.al. [23] [24] [25] reported that the nitrogenation/carbonation of Sm 2 Fe 17 and Y 2 Fe 17 switches magnetic anisotropy direction from planar to uniaxial and enhances their Curie temperature by two times. The microscopic origin of this strong ferromagnetism in Sm 2 Fe 17 N 3 and Sm 2 Fe 17 C 3 has been attributed to the lattice expansion and hybridization between nitrogen (carbon) and iron atoms [26, 27] . The RE-Fe-N compounds have been prepared with varying nitrogen stoichiometry [28, 29] and show high coercivities of ∼ 30 kOe [30] . These developments suggest that the RE 2 Fe 17 N(C) δ compounds are attractive candidates for permanent magnets.
Although RE 2 Fe 17 N(C) δ compounds exhibits promising magnetic properties, the resource criticality of RE elements such Nd, Dy, and Sm necessitates designing of permanent magnets without RE elements or less RE content [31] . In this regard, developing a permanent magnet with the use of abundant elements such as La and Ce instead of Sm/Nd [31] could be important for cost reduction. Another major problem with the technological application of RE 2 Fe 17 N(C) δ compounds is their stability at high temperatures. Sm 2 Fe 17 N 3 (Sm 2 Fe 17 C 3 ) is meta-stable and decomposes to SmN (SmC) and α-Fe above 923 K temperature, making it difficult to fabricate sintered magnets [32, 33] . Therefore, improving the stability of SmFe-N(C) magnets is another key issue.
In this work we explore the possibilities of reducing the critical RE content (Sm) , by calculating N(C) vacancy formation energy. The substitution of La/Ce in the lattice significantly improves the stability against nitrogen (carbon) vacancy formation, which will improve their stability at high temperatures. Our results indicate that the Sm content in Sm 2 Fe 17 X 3 (where X is either N or C) can be reduced by 50% with slight reduction in magnetic properties. These results chalk out the pathways for development of new magnetic materials with reduced RE content, which could be very effective in producing low cost permanent magnets.
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II. COMPUTATIONAL APPROACH
Calculations were performed using the all electron density functional theory code WIEN2K [34] [35] [36] together with the generalized gradient approximation of Perdew, Burke, and Ernzerhof [37] . The sphere radii were set to 2.50, 1.88, 1.61, and 1.61 Bohr for Sm, Fe, N, and C. For good convergence RK max (the product of the smallest sphere radius and the largest plane wave expansion wavevector) of 7.0 was used. All calculations were performed with the experimental lattice parameters [38] [39] [40] and all internal coordinates were relaxed until forces on all the atoms were less than 1 mRyd/Bohr. Experimental lattice parameters along with the GGA optimized lattice parameters are shown in Table V in the Appendix. The GGA optimized lattice parameters are in nice agreement with experiments. We also checked the dependence of optimized lattice parameters on Hubbard U. The lattice parameters were found to be very sensitive to the U value used, hence in order to model a reliable system all the computation presented in this work are done with the experimental lattice parameters. For La/Ce substitution at Sm site, one out of two Sm atoms in the primitive cell was replace by La/Ce. These substituted structure were subsequently relaxed to their ground state by minimizing the forces on all the atoms. For the structure relaxation 1000 k-points were used in the full Brillouin zone. On going from Sm 2 Fe 17 N 3 (Sm 2 Fe 17 C 3 ) to Ce 2 Fe 17 N 3 (Ce 2 Fe 17 C 3 ) the cell volume varies nominally by 0.2% (0.4%), hence for the substituted compounds the lattice parameter was fixed at the corresponding values for parent nitrides and carbides.
All the calculations were performed by assuming a colinear spin arrangement. The magnetic anisotropy energy (MAE) was obtained by calculating the total energies of the system with spin orbit coupling (SOC) as K = E a − E c , where E a and E c are the total energies for the magnetization oriented along the a (112 in a rhombohedral primitive cell) and c (111 in a rhombohedral primitive cell) directions, respectively. Positive (negative) K corresponds to uniaxial (planar) anisotropy. Although the calculation of MAE from firstprinciples methods is somewhat difficult, as shown in some recent studies [22, [41] [42] [43] [44] [45] precise calculations often produce MAE in good agreement with experiments. To ensure the accuracy of MAE, its convergence with respect to number of k-point was carefully checked. The difference in MAE calculated using 2,000 and 3,000 k-points was less than 1.5% as shown in the Appendix Fig. 7(a) . All the MAE values reported in this paper correspond to 2000 reducible k-points in the full Brillouin zone.
A number of different methodologies has been developed for accurate treatment of correlated nature of RE f -electrons. For example the self-interaction-corrected local spin density (SIC-LSD) scheme [46, 47] , can provide insights into localized and band-like features of f -electrons. Alternately DFT+U approach introduces an effective Hubbard U parameter that separates the f -bands into lower and upper Hubbard bands. Here, the strong interactions between the Sm/Cef electrons were included by incorporating a Hubbard "U" correction. The U value for Sm site was obtained by optimizing the various magnetic properties (MAE, magnetic moments) with respect to the available experimental data. The obtained U values lie in the typical range that has been used before to correctly describe the magnetic properties of Sm based compounds [44, [48] [49] [50] . The convergence of MAE for Sm 2 Fe 17 N 3 and Sm 2 Fe 17 C 3 with respect to U parameter is shown in the Appendix Fig. 7(b) . In order to optimize the U value for Ce substituted compounds (i.e. for SmCeFe 17 N 3 and SmCeFe 17 C 3 ) we calculated the MAE by varying U at the Ce site for a fixed U Sm value which is shown in the Appendix Fig. 8(a) and (b). On varying U Ce from 3 eV to 6 eV the MAE varies by < 10% for both the systems. All the calculation presented in this work are done with U Sm = 6.0 eV, and U Ce = 3.0 eV with the Hund ′ s coupling parameter J as zero. The addition of Hubbard U requires the doublecounting correction terms in the energy functional to account for the fact that the Coulomb energy is already included in the DFT functional. To this end, here the self interaction correction scheme [51] [52] [53] (also known as fully localized limit (FLL) [44, 54] is used where onsite Coulomb interaction for localized orbitals is parametrized by U effective = U − J. It is important to mention that due to presence of localized forbitals, DFT+U calculations for RE based compounds often may converge in a metastable state. Hence to find the actual ground state different starting configurations with varying forbital occupancies were used. After self consistent cycle the system always converged to a complex m states (pure atomic like m states were never reached). As our calculated magnetic moments and other properties are in reasonable agreement with experiments we assume that we have actual ground state.
For the nitrogen/carbon vacancy formation energy calculations a 66 atoms unitcell (UC) was used for both Sm 2 Fe 17 N 3 and Sm 2 Fe 17 C 3 . This large unit-cell provides enough distance between the periodic images of nitrogen/carbon vacancies with in-plane distance being 8.74Å and out-of-plane distance being 12.57Å. The full structural relaxation of internal positions for pristine (defect free) unicells and unitcells with nitrogen/carbon vacancy were preformed until the residual forces were smaller than 2 mRyd/Bohr. The calculations were converged on a 4 × 4 × 4 Γ centered k-point grid including spin polarization. For all the vacancy calculations the lattice parameters were fixed at the corresponding values for parent nitrides and carbides. These calculations were also performed using WIEN2K code. The Formation energy of N/C vacancy (∆E f ) was defined as following:
Where, E
N(C)vac UC
denotes energy of the unitcell with nitrogen/carbon vacancy, E Pristine UC is the energy of the pristine unitcell, and last term is the total energy per atom for nitrogen/carbon. Here N 2 molecule and graphite were used as a reference to obtain the total energy for nitrogen and carbon atom. The formation energy values were also recalculated by including spin orbit coupling and Hubbard U.
III. RESULTS AND DISCUSSION
The RE 2 TM 17 allotropes exist in two different crystal structure; the rhombohedral Th 2 Zn 17 -type and the hexagonal Th 2 Ni 17 -type structure. The rhombohedral structure is stable for the light RE elements (from Ce to Eu), whereas for the heavy RE elements (from Gd to Lu) the hexagonal structure is most stable. As shown in Fig. 1 (a) and (b) the Th 2 Zn 17 structure is a layered structure built from close-packed Felayers alternated by mixed layers of RE-Fe. The elements with small atomic radii such as nitrogen, carbon, and hydrogen occupy the interstitial sites (9e) as shown in Fig. 1 (a) , which in turns improves the magnetic properties of these compounds [38, 39] .
To check the stable ground state, calculations were performed for three different magnetic configurations (i) RE atoms are aligned with respect to Fe atom (FM) (ii) RE atoms are anti-aligned with respect to Fe atoms (AFM), and (iii) nonmagnetic (NM) configuration. The corresponding energies with respect to NM state are listed in Table I 
Here E AFM and E FM are the total energies of the ferromagnetic and anti-ferromagnetic configuration. S RE , and S Fe are the spin moment of RE, and Fe sublattice, respectively. For these calculations S Fe is averaged over four crystallographically nonequivalent Fe sites. Z Fe and Z RE are the number of nearest neighboring Fe atoms around the RE atom and the number of RE elements in the simulation cell, respectively. The above expression leads to a Sm-Fe exchange coupling parameter (J RT ) of −1. Table II in the parentheses. The Fe orbital moments are enhanced when interstitial nitrogen/carbon is inserted, and the enhancement is higher for Sm 2 Fe 17 C 3 . Furthermore, on introducing nitrogen/carbon interstitial atoms, while the spin moment of Fe-18f and Fe-18h sites, which are close to N/C atoms are slightly decreased, the moments on the more distant Fe-9d site are enhanced as shown in Table II and Fig. 3 (a) and (b) . This trend of Fe moments on nitrogenation/carbonation is in good qualitative agreement with previous studies and has been attributed to hybridization between N(C) and Fe atoms [26, 27] . Regardless of this slight variation the average Fe-spin moment of these systems remains in the range of 2.36-2.44 µ B , which is significantly higher than the value for BCC Fe 2.2 µ B . The Sm total magnetic mo- ments are also listed in Table II and displayed in Fig. 2 The rate of increase of orbital moments with U is higher for nitrogen interstitial compound than in carbon interstitial compound. The variation of Sm spin moments with U parameter is also shown in the inset of Fig. 9 . As expected the Sm spin moments display very weak dependence on U values. For U Sm = 6 eV we see that, Sm atoms has large (∼ 2.3 µ B ) orbital moment. For C interstitial compounds the orbital moment of Sm remains unchanged, however it slightly decreased in the case of N interstitial. The magnetic moment for La/Ce substituted compounds can be found in Fig. 2(b) and Table II . As can be seen for the substituted compounds the magnetic moment on Fe and Sm sites remain more or less unchanged. On the other hand the magnetic moment on the substituted RE atomic sites (La/Ce) is quenched as La has no f electrons and Ce has only one outermost f electron.
Total magnetization in the parent, interstitial, and La/Ce substituted compounds are summarized in Table II . For the Sm 2 Fe 17 and interstitial compounds the calculated total magnetic moment agrees well with the experimental measured value by neutron diffraction [69, 70] or magnetization measurements at low temperature [1, 63, 71, 72] . We obtained a saturation magnetic moment of 1.2 and 1.4 T for Sm 2 Fe 17 C 3 and Sm 2 Fe 17 N 3 , respectively, which is in fair agreement with the experimentally measured 4.2 K value as compared in Table II. Considering the notable difficulties associated with modeling of RE elements with first-principles methods this agreement is quite reasonable. Another reason for the deviation between calculated and measured data could be the non stoichiometric effects. Due to the reduced (negative) magnetic moment at La/Ce sites we see an enhanced total magnetic moments for the substituted compounds when compared to the Sm 2 Fe 17 C 3 and Sm 2 Fe 17 N 3 .
Next, we turn our attention to MAE constant K 1 , which is shown in Fig. 4 and Table II. The MAE represents the energy required for changing the orientation of the magnetic mo- ments under the application of magnetic field. MAE is an essential quantity for achieving high coercivity in a permanent magnet. The MAE calculated without U parameter does not agree with experiments. In fact as shown in Fig. 4 , even the sign of MAE cannot be predicted correctly. This indicates that in these systems correlation on Sm/Ce atoms are very important, and therefore we apply a on-site U parameter at both Sm and Ce that tends to localize the f electrons. The effect of on site Hubbard U parameter on MAE is clear from GGA+U calculations, which are shown in Fig. 7(b) . Both Sm 2 Fe 17 C 3 and Sm 2 Fe 17 N 3 exhibit quite different dependence on U parameter. While for Sm 2 Fe 17 N 3 , MAE exhibits a strong dependence on U, the U dependence of MAE for Sm 2 Fe 17 /Sm 2 Fe 17 C 3 is rather weak. This indicates that for RE magnets electron correlations play a central role in producing large MAE (coercivity), and explains why often LDA/GGA calculations underestimate the MAE of RE magnets. We find the parent compound Sm 2 Fe 17 to be planar with K 1 value as −8.9 MJ/m 3 , whereas for the C and N interstitial compounds a large positive MAE is seen. The positive sign of K 1 means that, as observed experimentally, the material is easy-axis which is favorable for permanent magnet application. Also the magnitude of K 1 is significantly higher than 2 MJ/m 3 that is a key requirement for high performance permanent magnets [5, 6] . In particular large axial anisotropies of 3.3 and 13.5 MJ/m sources: (i) the MAE of Fe sub-lattice and (ii) single-site anisotropy of the Sm-f orbitals due to strong spin orbit coupling and crystal field effects [73] [74] [75] . In order to decouple the contribution to MAE from RE and Fe sub lattice, we ran the anisotropy calculation by switching off the spin orbit coupling at Fe sites, which is represented by K RE 1
in Table II . We see that contribution of RE atoms to MAE is more than 75%. This is in agreement with experiments where it is shown that the most of low temperature anisotriopy originates from RE sub lattice [1] . The experimental observation of switching of MAE from easy plane to easy axis for interstitial compounds is nicely reproduced by our calculations. As noted in Refs. [27, 75] this can be explained on the basis of crystal field. The second-order crystal field parameter (A 0 2 ) which determines the trend of MAE in RE magnets is significantly increased upon insertion of interstitial N or C, which helps is switching the direction of MAE from easy plane to easy axis. Similar mechanism has been proposed for explaining higher MAE of SmCo 5 . As noted by Larson et.al [44, 74] for SmCo 5 and other related compounds, the comparable strength of crystal-field and spin-orbit effects, results in a large MAE in these compounds. At the same time the substantially weaker crystal-field effects results in a relatively smaller anisotropy in Sm 2 Co 17 .
We next evaluate effect of La/Ce contribution on MAE, which is shown in Fig. 4 Fig. 8 (a) and (b) . On varying U Ce from 3 eV to 6 eV the MAE varies only by < 10% for both the systems, and all the calculations reported here are done with U Ce as 3 eV. Based on this analysis we conclude that our results are not very sensitive with respect to U Ce .
The density of states (DOS) for crystallographically nonequivalent Fe-atoms in Sm 2 Fe 17 , and Sm 2 Fe 17 N 3 is shown in the Fig. 5 (a)-(d) . Similar figure for Sm 2 Fe 17 C 3 is given in the Appendix Fig. 10 . The DOS depicts behavior of a typical ferromagnetic system. The the partial density of states for RE atoms is compared in Fig. 6 . We can see that the states near the Fermi level predominantly originate from of RE-f and Fe-d states. For Sm 2 Fe 17 there is an exchange splitting of ∼ 2-3 eV in the Fe-d states. The similar behavior is observed for Sm 2 Fe 17 N 3 , and Sm 2 Fe 17 C 3 . As shown in Fig. 5 (a-d) the spin-up Fe-d states are fully occupied in the base compound. On introducing interstitial nitrogen or carbon atoms, the d states of Fe-18h and Fe-18f atoms hybridize with the p states of interstitial atoms. As can be seen from Fig. 5 (a-d) , in the vicinity of Fermi level, the Fe(18f) and Fe(18h) DOS for Sm 2 Fe 17 N 3 is relatively larger than in the base compound Sm 2 Fe 17 , which indicates the hybridization of these states with the interstitial nitrogen/carbon atoms. With N/C insertion, the majority spin states at the 18h and 18f Fe sites are broadened and the number of occupied spinup electrons decreases. Furthermore the minority spin states shift towards lower-energy and the number of spin-down electrons increases resulting in a decrease in magnetic moments for these sites as shown in Fig. 3 (a) and (b) . This observation is in agreement with the previous studies [27, 76] . Overall the Fe moments are larger than that in pure Fe, which contribute to the excellent magnetic properties of these compounds.
As shown in Fig. 6 (a) , the RE-4f states are not occupied in the spin-up channel and are partially occupied in the spindown channel, confirming that the Sm moments align in the opposite direction compared to the Fe moments. The Sm DOS for Sm 2 Fe 17 calculated within only GGA+SOC (without U) is also shown in Fig. 6 (a) by blue dotted lines. As can be seen, without U, the Sm-f orbitals form a narrow band which is pinned at the Fermi level (shown by blue dashed line). The addition of U shifts the unoccupied spin-up f band towards the high energy. Also the occupied spin-down bands splits into the lower and the upper Hubbard bands, separated roughly by 6 eV. The exchange splitting at the Sm-f states is similar to that of Fe-d orbitals, even though the f DOS is substantially narrower. The Sm-f orbital DOS for base and for nitrogen interstitial compound is compared in Fig. 6 (a) . With N/C insertion, the f states shift to the lower-energy side. Since both the spin-up and spin-down states are pushed down to the lower energy, the change in the magnetic moment is not as large as [67] 749 [67] 680 [67] those at the Fe sites. The unoccupied f states are broadened by the insertion of N/C. The structure of the occupied f states remains more or less same for all the compounds.
To understand the effect of La/Ce substitution at the Sm sites on the magnetic properties of these compounds, we next analyze their electronic structure. The partial Fe d-DOS and Sm f -DOS for the substituted systems are presented in Fig. 5  (a-d) , and Fig. 6 (b-c) respectively. The similar figures for carbon interstitial compounds is given in the Appendix Fig. 10  (a-d) and Fig. 11 (b-c) . As can be seen the Sm/La substitution has no effect on Fe d-DOS, and Fe-DOS overlaps with the equivalent curve for Sm 2 Fe 17 N 3 /Sm 2 Fe 17 C 3 . This explains why the moments on Fe sites remains unchanged on Ce/La substitution. The only significant change in the DOS is at the RE-f states, which are shifted to higher energies by ∼0.1 eV. For La/Ce substituted compounds the peak of Sm DOS in the vicinity of Fermi level is reduced, the reduction being higher for La substitution. This reduction in RE DOS is responsible for the reduction in MAE, seen with La/Ce substitution. As the reduction in RE-DOS is more prominent for La substituted compounds, the MAE for the La substituted compounds shows larger reduction (60-70%) in comparison to Ce substituted compounds (40-45%). The decrease in MAE of Sm 2 Fe 17 N 3 on Ce substitution can also be explained by difference in the prolaticity of RE 4f electron clouds in Sm and Ce. As explained by Sellmyer et.al [75] due to less number of electrons the 4f electron clouds in Ce are in the shape of an oblate, whereas in Sm it takes a shape of a prolate. Replacing a prolate ion (Sm in this case) by an oblate ion tends to reduce the MAE. Next we estimate the effect of La/Ce substitution on Curie temperature (T C ). Within Heisenberg model the total energy of the system can be described as E = i,j J ij S i · S j . Here S i and S j are the atomic spins on sites i and j, respectively, and J ij is the exchange energy between these spins. For estimating J ij we calculated the energy difference between the ferromagnetic and antiferromagnetic structure (obtained by flipping the spin of most of the Fe-nearest neighbors). These configurations are shown in Fig. 12 in the Appendix. The resulting energy difference is listed in Table III . In mean-field approximation [77] [78] [79] , the Curie temperature can be estimated as one third of this energy difference, measured on a per Fe basis. The base compounds Sm 2 Fe 17 , Sm 2 Fe 17 C 3 , and Sm 2 Fe 17 N 3 show a energy difference (∆E) of −117.0, −251.8, and −264.7 meV, respectively between FM and AFM state. This in the mean-field approximation corresponds to a T C of 453, 974, and 1024 K, respectively. Note that the mean field Curie point is over estimated compared to the available experimental values. Upon substituting La/Ce, the energy difference between FM and AFM-state increases by ∼ 5-9 % for Sm 2 Fe 17 C 3 , and by 9-15% Sm 2 Fe 17 N 3 . This suggests that the mean field exchange energy increases upon La/Ce substitution which in turn will increase the Curie temperature. It is worth mentioning that in the previous studies the increase in Curie temperature of base compound (Sm 2 Fe 17 ) upon nitrogenation/carbonation has been attributed to enhanced Fe-Fe interaction due to the expansion of the unit cell. This is nicely reproduced by our calculations, where we see that ∆E for Sm 2 Fe 17 C 3 /Sm 2 Fe 17 N 3 is more than two times larger than that for Sm 2 Fe 17 . We note that mean field approximation typically overestimates the transition temperature by around twenty percent or more, but is useful in determining an upper limit for T C . The estimation T C could be further improved by a atomistic spin dynamics simulations [80, 81] or within random phase approximation [82, 83] .
As introduced before the main challenge with Sm 2 Fe 17 N(C) 3 compounds is their high temperature stability where they decomposed to SmN and Fe. In order to address the stability issue we calculated the formation energy (∆E f ) of nitrogen(carbon) vacancy in the pure (Sm 2 Fe 17 N 3 /Sm 2 Fe 17 C 3 ) and La/Ce substituted compounds. The results are shown in the Table IV. To check the reliability of our results formation energies were recalculated by including U for Sm and Ce atoms and with including spin orbit coupling. The ∆E f show nominal changes in the formation energy upon inclusion of U and SOC as shown by ∆E f (SOC+U) in Table IV . As can be seen, for La/Ce substituted systems we see that N/C vacancy formation energy increases by ∼ 20-50% (depending upon the system). As the vacancy formation energies may be sensitive to the choice of lattice parameters, it is important to check the reproducibility of the trend in formation energy with optimized lattice parameters. However doing it for all the system studied here is computationally expensive task. Also as mentioned before the experimental volume for Ce variants of 2-17-3 compounds ( i.e Ce 2 Fe 17 N 3 , and Ce 2 Fe 17 C 3 ) is only 0.5 % different than Sm counterparts [84] but no information is present for La version of these compounds. Here to test the reliability of our calculations we recalculated the nitrogen vacancy formation energy with DFT optimized lattices constants for Sm 2 Fe 17 N 3 and SmLaFe 17 N 3 . With the optimized lattice parameters for Sm 2 Fe 17 N 3 , the nitrogen vacancy formation energy found to be 1.02 eV which is slightly lower than the value obtained with experimental lattice parameters. Similarly for SmLaFe 17 N 3 , a calculation with optimized lattice parameters gives nitrogen vacancy formation energy as 1.27 eV. We note that although with optimized lattice parameters the relative enhancement in the defect formation energy (25 %) is slightly reduced than the one obtained with experimental lattice parameters (36 %), it is still appreciably higher than the base compounds. This TABLE IV. The calculated nitrogen/carbon vacancy formation energy (∆E f ) for Sm2Fe17X3, SmLaFe17X3, and SmCeFe17X3 (where X = N, and C). ∆E f , and ∆E f (SOC+U) denote that the formation energy calculated without and with SOC+U, respectively. As can be seen the La/Ce substitution enhances the N vacancy formation energy by more than ∼ 50% and C formation energy by ∼ 60 %. indicates that La/Ce substitution may well stabilize these compounds against nitrogen(carbon) vacancy formation at high temperatures.
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IV. CONCLUSIONS
In conclusion, we use first-principles calculations to understand the magnetic properties of Sm 2 Fe 17 , Sm 2 Fe 17 C 3 , and Sm 2 Fe 17 N 3 compounds. We show that in the ground state of these compounds the magnetic moments of RE and Fe-atoms prefer to anti-align. The calculated magnetic properties of the base compounds agree well with available experimental data. In agreement with the experimental reports we find a large uniaxial anisotropies for Sm 2 Fe 17 C 3 and Sm 2 Fe 17 N 3 . In order to to reduce the Sm content in these compounds, we further study the effect of La/Ce substitution at Sm site on magnetic properties. We show that although La/Ce substitution in these compounds tends to reduce the MAE, it still maintains large uniaxial values. The La/Ce substitution reduces the total moment on RE site. This works effectively in terms of improving the total magnetization since the magnetic moments of RE and Fe atoms anti-align with each other. As a consequence of La/Ce doping the exchange interaction energy increases, which in turn increases the Curie temperature. Furthermore, by calculating N/C vacancy formation energy we show that the La/Ce substitution will improve stability of these compounds at high temperatures against decomposition. Since all the La/Ce substituted compounds has 50% less Sm content and still maintains large axial anisotropy, high Curie point, large saturation magnetization, which makes them interesting for a permanent magnet with reduced critical rare earth content. We hope this investigation will be helpful for experimental processes of making high-performance Sm 2 Fe 17 C 3 , and Sm 2 Fe 17 N 3 magnets with less Sm content. 
